12 13 Background: The genus Pantoea forms a complex of more than 25 species, among which 14 several cause diseases of several crop plants, including rice. Notably, strains of Pantoea 15 ananatis and Pantoea stewartii have been found to cause bacterial leaf blight of rice in Togo 16 and Benin, while other authors have observed that Pantoea agglomerans can also cause 17 bacterial leaf blight of rice. The contribution of these and perhaps other species of Pantoea to 18 plant diseases and yield losses of crop plants is currently not well documented, partly due to 19 the lack of efficient diagnostic tools. 20 21 Result: Using 34 whole genome sequences of the three-major plant-pathogenic Pantoea 22
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and Benin [10, 11] . Additionally, other cases of BB and grain discoloration caused by 67
Sphingomonas sp. and other undescribed species have been detected in several sub-Saharan 68 Africa countries [12] . This situation represents an "emerging" bacterial species complex that 69 may constitute a threat to rice production in Africa. Therefore, a robust, specific, sensitive, 70 and cost efficient diagnostic tool is of primary importance for accurate pathogen detection. 71
However, none of the several simplex and multiplex PCR tools [13] [14] [15] [16] [17] [18] and other molecular 72 [19] [20] [21] [22] [23] [24] , physiological, biochemical [24-28] diagnostic tools available for Pantoea allows 73 accurate simultaneous detection of the three major plant-pathogenic Pantoea species. Some of 74 these methods are poorly reproducible and often limited to a single species while others are 75 reproducible but again limited to one species or are not suited to doubtlessly detect African 76 strains. 77
78
To overcome this unsatisfying situation, a molecular method was set up for detecting in a 79 single reaction the three major plant-pathogenic Pantoea species (P. ananatis, P. stewartii 80 and P. agglomerans), as well as other members of the genus. A universal multiplex PCR tool 81
was therefore developed and first tested in silico on available genome sequences and on a set 82 of reference strains from USA, Brazil, Spain and Japan. Afterwards, 609 suspected Pantoea 83 strains from eleven Africans countries were evaluated with the newly described diagnostic 84 tool. P. agglomerans was detected in rice leaves from several African countries for the first 85 time. Finally, the specificity and sensitivity of the multiplex PCR was monitored by analyzing 86 serial dilutions of genomic DNA, serial dilutions of bacterial cell suspensions and solutions of 87 ground leaves and seeds that had been artificially or naturally infected. This new diagnostic 88 tool will prove useful for phytosanitary services in routine diagnostics of Pantoea spp in any 89 type of sample (e.g. leaves, seeds, soil, water). Pantoea genome sequences were retrieved from NCBI GenBank (Table 1) 
Optimization of the multiplex PCR 105
Different types of samples including total genomic DNA, bacterial cells, symptomatic rice 106 leaves, as well as discolored and apparently healthy rice seeds were analyzed. Plant material 107 was ground and macerated before use. To develop a multiplex PCR scheme, individual primer 108 pairs were first tested against the different samples mentioned above, using annealing 109 temperatures close to the predicted Tm (Tm ± 5 °C) and with progressive number of PCR 110 cycles (25 to 35). Primer pairs were then mixed from duplex to quintuplex and PCR 111 conditions were evaluated, testing annealing temperatures close to the optimal Tm of the 112 individual primer pairs (Tm ± 3 °C) and various numbers of PCR cycles. At the end, three 113 promising combinations of annealing temperatures and numbers of PCR cycles were re-114 evaluated in simplex PCR with the samples mentioned above. The best combination with high 115 6 specificity and without background amplification was selected as the new diagnostic tool 116 (Tables 2 to 4).  117 118 Evaluation of the sensitivity of the multiplex PCR scheme using genomics DNA and heat 119 cells 120
Simplex and multiplex PCR were then used to evaluate the sensitivity of all the species-121 specific primer pairs individually or in combination with the genus-specific and the 16 sRNA 122 primer pairs. Serial dilutions of total genomic DNA and heated bacterial cells were used for 123 this evaluation. Three Pantoea strains, P. ananatis strain ARC60, P. stewartii strain ARC222, 124 and P. agglomerans strain CFBP 3615, were used and distilled sterilized served as a negative 125 control. 126
127
To evaluate the PCR scheme on live plant material, leaves and seeds were artificially infected 128 with strains of the three Pantoea species. Rice leaves of the cultivar Azucena were inoculated 129 as described previously [10, 11] . To produce contaminated seeds, early maturity panicles of 130 the Azucena rice cultivar were spray-inoculated with a 5%-gelatinized bacterial solution (10 6 131 CFU/mL). Distillated and gelatinized (5%) sterile water served as a negative control. Three 132 weeks post inoculation, approximately 40% of the grains in the panicles exhibited 133 discolorations. Panicles inoculated with sterile distilled water showed no symptoms. A total of 134 five grains whose surface was first treated with a solution of hypochlorite (10%) and ethanol 135 (70%) and then rinsed with sterile distilled water were ground in 100 mL of sterile distilled 136 water. After centrifugation, the supernatant was used for PCR. 
Development of a diagnostic PCR scheme for plant-associated Pantoea 158
We aimed at designing diagnostic PCR primers that would target conserved housekeeping 159 genes. The rationale behind was that these genes should be present in all strains, including 160 genetic lineages that have not yet been discovered and would not be present in any strain 161 collection. At the same time, we knew from previous work that sequences of housekeeping 162 genes are divergent enough to doubtlessly distinguish and identify Pantoea strains at the 163 species level. 164 165 8 A diagnostic Pantoea multiplex PCR method was developed in two steps. First, a complete 166 inventory of publicly available Pantoea genome sequences was compiled, consisting of nine 167 P. agglomerans, 14 P. ananatis, and three P. stewartii sequences, totaling to 26 whole 168 genome sequences (Table 1) . Complete coding sequences of four housekeeping genes that 169 have previously been used for multilocus sequence analyses (MLSA) of Pantoea species [2], 170 atpD, gyrB, infB, and rpoB, were then extracted and aligned. Sequence regions that were 171 conserved in all strains of one species but were significantly different in the other two species 172
were identified manually and chosen to design PCR primers (Table 2) . To allow multiplexing, 173 we made sure that the amplicon sizes would be between 400 and 750 bp and different enough 174 to be easily distinguishable from each other upon gel electrophoresis ( Fig. 1 ). As a positive 175 control for the PCR reaction, one primer pair was included that would amplify DNA from all 176 bacteria belonging to the Pantoea genus, resulting in a smaller amplicon of less than 400 bp. 177
Finally, as a second control, a primer pair was included that targets the ribosomal 16S rRNA 178 gene and leads to an amplicon that is larger than the four Pantoea-specific amplicons. 179
180
In the second step, all primer pairs (Table 2) were evaluated, first by simplex PCR and then 181 by multiplex PCR, with increasing number of primer pairs, as explained in Material and 182
Methods. Three Pantoea reference strains were used to develop the PCR scheme using 183 genomic DNA and heat-inactivated bacteria: P. agglomerans strain CFBP 3615, P. ananatis 184 strain ARC60 and P. stewartii strain ARC222 (Fig. 2) . Agarose gel electrophoresis 185 demonstrated that the multiplex PCR was able to detect and distinguish all three Pantoea 186 species. Notably, the multiplex PCR scheme was also able to detect two or three Pantoea The evaluation by simplex and multiplex PCR showed that all the species-specific primers 202 were very sensitive individually or in combination with the genus-specific and the 16 sRNA 203 universal primers (Fig. 4) . The most sensitive primer pair in simplex PCR was the one 204 targeting P. stewartii with a detection limit of 5 pg under our experimental conditions, 205 followed by the P. agglomerans-specific primer pair (detection limit of 50 pg) and the 206 P. ananatis-specific primer pair (detection limit of 0.5 ng). A similar trend was observed in 207 the multiplex PCR on genomic DNA, with the same detection limit as in simplex PCR for 208 P. stewartii and P. ananatis and a tenfold less sensitivity for P. agglomerans. 209
210
When heated bacterial cell suspensions were used as template, the P. ananatis-specific primer 211 pair was the most sensitive allowing detection of 10 3 CFU/mL, while the other two primer 212 pairs were able to detect 10 4 CFU/mL. However, when all five primers pairs were used in 213 multiplex, the sensitivity was very similar for all three species with a detection limit of 214 approximately 10 4 CFU/mL. 215 10 216
Evaluation of the multiplex PCR scheme on a large collection of African Pantoea strains 217
Because recent surveys had indicated that Pantoea species could be responsible for many 218 unsolved infections of rice fields in sub-Saharan Africa [10,11], we screened a large 219 collection of isolates. We first re-evaluated a few African strains that had been identified as Based on whole genome sequences, we developed a new multiplex PCR scheme that can 258 specifically detect the three major species of plant-pathogenic Pantoea, P. agglomerans, 259 P. ananatis and P. stewartii. Different strategies can be followed when developing such a 260 multiplex scheme using available whole-genome sequences. One possibility is to automatize 261 the procedure by identifying genomic regions that are shared among a set of strains (e.g. the 262 target species) and which are absent in another set of strains (non-target species). For 263 instance, such an approach was used for the development of a Xanthomonas oryzae-specific 264 multiplex PCR scheme that can differentiate the two pathovars oryzae and oryzicola [9] . The 265 problem with this approach is that it might identify non-essential, often hypothetical genes as 266 targets for the primer design. While present in the training set, it is hard to predict if these 267 non-essential genes will be present and conserved in other, hitherto uncharacterized strains, 268 especially when they originate from other geographical zones and/or belong to more distant 269 genetic lineages. 270 271 Here, we targeted housekeeping genes, which are conserved throughout the genus, and relied 272 on lineage (species)-specific sequence polymorphisms. This approach is considered as very 273 robust but it cannot be ruled out that recombination events among strains from different 274 species could undermine the universality of these primer pairs. Yet, we did not find any 275 evidence for such events in any of the sequenced Pantoea strains that were analysed, 276
including environmental isolates and strains isolated from human and plant samples. To reduce the costs and handling time, we generated a multiplex PCR scheme that can work 283 with both purified genomic DNA or with bacterial lysates. In both cases, sufficient specificity 284 and sensitivity were obtained allowing detection of as low as 0.5 ng of DNA or 10 4 CFU/mL 285 for all three Pantoea species. Such a simple scheme will be of specific interest to 286 phytopathologists, especially in Africa and other less-developed regions. Indeed, diseases due 287 to infections by Pantoea appear to emerge in Africa as recently documented for Benin and 288 Togo [10, 11] . In this study, the presence of the three major plant-pathogenic Pantoea species 289 13 has been demonstrated for eleven African countries. The fact that most of the BB-like 290 symptomatic rice samples proved to contain a high number of Pantoea bacteria suggests that 291 infection by Pantoea is an underestimated source for BB symptoms and might be widespread 292 in Africa. However, more rigorous sampling schemes are required to determine the incidence 293 and prevalence of Pantoea in various rice-growing areas in Africa. 294 295 Among the 609 Pantoea isolates, we detected 220 strains (36.1%; additional file 1) of 296
Pantoea sp. that could not be assigned to any of the three species that are specifically targeted 297 by the multiplex PCR scheme. This is an interesting observation that shows that the genus-298 specific primer pair does not only serve as an internal positive control of the multiplex 299 scheme but that it has its own diagnostic value. Obviously, other species of Pantoea are 300 present in Africa and are likely to cause disease of rice plants as well. Yet, it is still unknown 301 whether or not this group of isolates contains other rice pathogenic species. Pathogenicity 302 assays need to confirm or disprove their status as novel pathogens. Future work will address 303 these isolates, using MLSA and whole genome sequencing. 304 305 While screening a large collection of bacterial isolates from rice samples, we also found 306 strains that neither belonged to Pantoea nor to Xanthomonas (data not shown). Some of them 307
were Sphingomonas strains [12], while others may represent new species and genera, which 308 have so far not been connected to rice diseases. These isolates will be further studied by 16S 309 rRNA analysis. From this study, it was concluded that the number of bacterial species that 310 affect rice plants in Africa is certainly larger than previously thought. Figure 4 
